We studied the magnetic properties of a ferritin-core array, deposited on a Si wafer and encapsulated in silica. The array was formed by a simple evaporation-induced self-assembly mechanism of ferritin proteins, and it consists of 6 nm ferritin cores crystallized in a two-dimensional hexagonal lattice with a core-core distance of about 10.5 nm. Magnetization studies indicate that the array undergoes a magnetic transition around 210 K. Our small-angle neutron-scattering studies provide evidence that huge net magnetic moments are stabilized in each core and that long-range magnetic order between the core moments occurs in the array.
I. INTRODUCTION
The sharply rising demand for higher storage densities in the magnetic recording industry is quickly approaching the theoretical limit for magnetic thin films, and much of recent research activities have focused on identifying alternatives to its use. One of possible alternatives is the use of regular arrays of magnetic nanoparticles dispersed on a nonmetallic substrate such that the separation of particles is too large for magnetic exchange to occur, i.e., potential single particle per bit recording. For recording applications, one needs to select particle sizes small enough to form a single magnetic domain ͑tenths or hundreds of nanometers͒, but large enough that long-range magnetic interactions are still stronger than its thermal energies ͑several nanometers͒. For uniform arrays of isolated magnetic particles each consisting of single magnetic grain, storage densities up to 700 Gbytes/ cm 2 should be possible. However, in order to become a viable alternative for the recording industry, it is necessary to build ͑large͒ regular arrays of magnetic particles with suitable sizes and separations, preferably using a simple and straightforward production process.
Regular arrays of particles can now be achieved with the help of proteins, where nanometer-to micrometer-size particles are self-assembled into crystalline arrays with maximal packing density. Protein-based colloidal crystal structures can be replicated by adding a durable matrix material that infiltrates and solidifies in the lattice voids without destroying the original order of the crystal. Since our goal was to prepare an array with potentially useful magnetic properties, we used a protein called ferritin. Ferritin is the iron-storage and controlled-release protein, which plays the key role in the iron metabolism of mammals. Its highly symmetrical spherical polypeptide shell ͑10-12 nm outer diameter͒ is able to store up to 4500 iron atoms in the form of a singlecrystalline mineral ferrihydrate core ͑6-7 nm core diameter͒. 1 Because of its iron core, it is not surprising that ferritin exhibits metallic and magnetic properties. Although the iron moments in each ferritin core tend to align antiferromagnetically, 2,3 large net core moments ͑up to 300 B ͒ arise from uncompensated spins at the surface of the core. 3, 4 Pure ferritin is celebrated as a model superparamagnet with a blocking temperature of about 50 K. 
II. GROWTH OF FERRITIN-CORE ARRAYS
We used commercially available holoferritin ͑Sigma Co., Ltd.͒, which was gel-filtered and purified through a Biologic Duo-Flow Chromatography system. Only the elution peak for ferritin monomers was collected to exclude dimers or trimers, which might obstruct the two-dimensional crystallization. The purified solution was stored at 4°C to prevent subsequent aggregation. The Si wafers were treated with piranha solution, rinsed with de-ionized water ͑to make surface hydrophilic͒, then blow dried with N 2 gas.
The subsequent deposition, encapsulation, and pyrolysis procedure is sketched in Fig. 1 was placed at the junction of two silicon wafers held at an angle of ϳ23°to form a meniscus along the line of contact. An electric motor pushes the moving plate ͑droplet plate͒ and drags the solution across the substrate at a constant speed ͑between 1.6 and 76 m/s͒ and monolayer ferritin array forms on the substrate as the solvent evaporates. The arrays were then encapsulated with silica layer using the traditional dip-coating technique at relatively low withdrawal speeds ͑1-3 cm/ s͒. Controlled pyrolysis of the wafer/array assembly was achieved by annealing at 450°C for 2 h under nitrogen atmosphere ͑to avoid further oxidation͒. The pyrolysis effectively removes the ferritin shells and the chemical remains of the preparation. A more detailed description of the actual growth can be found in Ref. 5 .
III. CHARACTERIZATION OF FERRITIN-CORE ARRAYS
The morphology and the arrangement of the deposited ferritin-core arrays were studied by scanning electron microscopy ͑SEM͒ and high-resolution transmission electron microscopy ͑HRTEM͒. Exemplary pictures are shown in Fig. 2 . We are able to achieve the growth of a monolayer of ferritin cores on top of the Si wafer with an almost perfectly hexagonal in-plane arrangement that extends over several square centimeters. The resulting core-core separation of the final array can be widely tuned by modifying the experimental conditions during the growth. For the present study, we used an array with core-core separations of about 10.5 nm, i.e., the shortest separation that can be achieved within selfassembly of ferritin proteins. Figure 3 shows the temperature dependence of the magnetic response of such an array in magnetic fields applied within the sample plane of 0.5 and 2 kOe. The data were taken with a superconducting quantum interference device ͑SQUID͒ magnetometer on an untreated ferritin array, prior to using any controlled pyrolysis. With decreasing temperature, there is a clear increase in the magnetization of our sample, centered around 210 K. It should be noted that Mössbauer studies on pure ferritin had revealed an additional hyperfine splitting at similar temperatures. 6 The curvature of the magnetization is reminiscent of typical ferromagnetic behavior, although the substantially lower 0.5 kOe response implies that large fields are needed to achieve full saturation of all moments. The dip at about 260 K in the 0.5 kOe magnetization might be an artifact, considering a sensitivity of about 2-3 ϫ 10 −6 emu for the SQUID magnetometer. In the inset of Fig. 3 , we show the magnetization curves for our ferritin array at 150 and 250 K. The results further corroborate the ferromagnetic nature of the anomaly at 210 K. At 150 K, we find an S-shaped magnetization with a weak, but noticeable, hysteresis with a coercitive field of about 60 Oe. The magnetic response at 250 K is much weaker and there is no evidence for hysteretic behavior within error bars. 
IV. NEUTRON-SCATTERING STUDIES
Neutrons carry a magnetic moment that can interact with the moment of a material via dipole-dipole coupling. Neutrons are sensitive of the magnetic-moment components perpendicular to the scattering vector Q.
First, we performed polarized neutron reflectometry ͑PNR͒ using POSY I at the Intense Pulsed Neutron Source, Argonne National Laboratory. In its typical reflection geometry, PNR will test the in-plane moment components to the magnetic moment, i.e., the moment components parallel to the Si wafer. The experiments were performed at temperatures above and below 210 K. The results ͑not shown͒ revealed no difference between the spin-up and spin-down channels, giving an upper limit for in-plane moments of 0.02 B . However, the reflectometry profile confirmed that our array is indeed a monolayer of ferritin cores on silicon.
Next, we performed a small-angle scattering experiment using the LQD spectrometer at the Manuel Lujan Jr. Neutron Scattering Center, Los Alamos National Laboratory. In its typical transmission geometry, small-angle scattering will test the out-of plane components. In order to increase the number of scatterers in the sample, we stacked six Si wafers with ferritin arrays. The assembly was then wrapped in Al foil and mounted into the holder on the cold finger of a displex. We used a collimation of 8 mm. The experiments were performed at room temperature and at T = 15 K. For each temperature, we collected about 2 days of data. At room temperature, we observe clear ͑Laue͒ diffraction spots in the position-sensitive detector ͑see inset of Fig. 4͒ . The spots occur at positions that correspond quite well with Q values ͑and thus, d spacings͒ as expected from a hexagonal lattice. For example, the peak at lowest Q = 0.065 Å −1 corresponds to the shortest core-core spacing of ϳ10.5 nm ͑in the hexagonal lattice͒, in excellent agreement with the HRTEM studies. At 15 K, we find that there are additional magnetic intensities that appear on top of many of those nuclear peaks. This is emphasized in Fig. 4 , where we show the integrated intensities ͑integration steps of 0.01 Å͒ as a function of Q. Most notably, the peak at 0.15 Å −1 shows a huge increase in intensity, but some increase is observed for other peaks as well. Furthermore, there is very little difference in the tails around Q = 0, indicating that short-range magnetic correlations are relatively unimportant. Above findings strongly promote the idea of long-range magnetic order. Not only are stable net moments formed for each core, but they also seem to interact with each other throughout the sample. Taking the peak at 0.15 Å, we can roughly estimate the net moments of each ferritin core. For that, we assume fully ferromagnetic coupling of corresponding lattice planes, take the scattering of the cores to be equal to the one of iron, neglect the DebyeWaller factor ͑which accounts for thermal fluctuations͒, and set the magnetic form factor to be equal to 1. We then estimate that the net moment of each ferritin core in our array is about 185 B .
